NhaB-like antiporters were the second described class of Na + /H + antiporters, identified in bacteria more than 20 years ago. While nhaB-like gene sequences have been found in a number of bacterial genomes, only a few of the NhaB-like antiporters have been functionally characterized to date. Although earlier studies have identified a few pH-sensitive and -insensitive NhaB-like antiporters, the mechanisms that determine their pH responses still remain elusive. In this study, we sought to investigate the diversities and similarities among bacterial NhaB-like antiporters, with particular emphasis on their pH responsiveness. Our phylogenetic analysis of NhaB-like antiporters, combined with pH profile analyses of activities for representative members of several phylogenetic groups, demonstrated that NhaB-like antiporters could be classified into three distinct types according to the degree of their pH dependencies. Interestingly, pH-insensitive NhaB-like antiporters were only found in a limited proportion of enterobacterial species, which constitute a subcluster that appears to have diverged relatively recently among enterobacterial NhaB-like antiporters. Furthermore, kinetic property analyses of NhaB-like antiporters at different pH values revealed that the degree of pH sensitivity of antiport activities was strongly correlated with the magnitude of pH-dependent change in apparent K m values, suggesting that the dramatic pH sensitivities observed for several NhaB-like antiporters might be mainly due to the significant increases of apparent K m at lower pH. These results strongly suggested the possibility that the loss of pH sensitivity of NhaB-like antiporters had occurred relatively recently, probably via accumulation of the mutations that impair pH-dependent change of K m in the course of molecular evolution.
INTRODUCTION

Cation/H
+ antiporters are intrinsic membrane proteins that are located in the cytoplasmic and intracellular membranes of most cellular organisms and play important roles in the maintenance of intracellular pH and cation homeostasis by exchanging various cations and protons across membranes (Brett et al., 2005; Apse & Blumwald, 2007; Malo & Fliegel, 2006) . In bacteria, monovalent cation/H + antiporters are often considered to be major determinant factors for alkaline and Na + tolerance of cells (Padan et al., 1989 (Padan et al., , 2005 Putnoky et al., 1998) . It has been shown that most of the cation/H + antiporters involved in alkaline tolerance are fully active in alkaline but inactive in neutral to acidic conditions, and such pH dependency is considered to be a critical feature for the maintenance of adequate intracellular pH (Taglicht et al., 1991; Swartz et al., 2007; Yamaguchi et al., 2009) . Therefore, the molecular mechanism of the pH-dependent regulation of antiport activity has drawn particular attention for more than two decades (Padan, 2008 ).
Among bacterial cation/H
+ antiporters, NhaA-like Na + /H + antiporters are the most extensively studied class to date. Detailed biochemical studies on NhaA from Escherichia coli (EcNhaA) have demonstrated the involvement of multiple amino acid residues widely distributed across the primary structure in its dramatic acid sensitivity (Noumi et al., 1997; Gerchman et al., 1993; Rimon et al., 1998) and provided evidence that the shift in environmental pH could induce conformational changes in EcNhaA (Rothman et al., 1997) . Furthermore, the determination of the crystal structure of EcNhaA (Hunte et al., 2005) , along with computational analyses, has provided a detailed model for the molecular mechanisms of the pH-dependent regulation of EcNhaA activity (Padan, 2008) . In addition, an array of studies on the NhaA-like antiporter from Helicobacter pylori (HPNhaA), which is constitutively active between pH 6.0 and pH 8.5, provided further insight into the molecular mechanisms of the pH-dependent regulation of NhaA-like antiporters through the identification of critical residues for the maintenance of its antiport activity at acidic pH, and allowed comparative discussion with a proposed model for EcNhaA (Tsuboi et al., 2003; Kuwabara et al., 2006) .
In contrast to the significant advancement of research on NhaA-like antiporters, investigations on the pH-dependent regulatory mechanisms have been mostly restricted in NhaAlike antiporters. Whilst a number of cation/H + antiporters with almost no similarities to NhaA-like antiporters have been identified in various bacterial genomes (Saier & Paulsen, 2000; Krulwich et al., 2009) , their molecular properties, including mechanisms involved in cation transport and pHdependent regulation, are largely unknown to date.
NhaB-like antiporters were the second class of Na + /H + antiporters described, identified in bacteria more than 20 years ago (Pinner et al., 1992) . NhaB-like antiporters share almost no similarity to NhaA-like antiporters (Pinner et al., 1992; Nakamura et al., 1996) , and have been proposed to be included in a distinct superfamily (IT superfamily) as opposed to NhaA-like antiporters, which belong to the CPA superfamily, according to the Transporter Classification (TC) system (Saier & Paulsen, 2000; Prakash et al., 2003) . Interestingly, the topological study on the VaNhaB from Vibrio alginolyticus by alkaline phosphatase fusion analysis revealed the presence of nine transmembrane domains, in contrast to the finding that the EcNhaA is composed of twelve transmembrane helices (Enomoto et al., 1998; Hunte et al., 2005) . This structural distinctiveness led us to assume that NhaB-like antiporters might have a different mode of action from NhaA-like antiporters. Although there have been only limited numbers of reports regarding functional characteristics of NhaB-like antiporters, there are several pieces of evidence that indicate the presence of functional diversity among NhaB-like antiporters, particularly in terms of their responses to pH, despite their high sequence similarities to each other. Earlier reports demonstrated that while EcNhaB from E. coli, the first characterized NhaB-like antiporter, maintains a certain amount of activity at wide ranges of pH, the activity of VaNhaB was almost undetectable at pH 6.5 when expressed in E. coli (Pinner et al., 1994; Nakamura et al., 2001) . Likewise, we have also shown that the activity of VaNhaB was significantly decreased at a pH below 7.5, while the activity of EcNhaB from E. coli was only modestly affected by the change of pH at low concentration (2.5 mM) of NaCl when ectopically expressed in E. coli cells by using an identical expression system (Kiriyama et al., 2012) . Similar pH sensitivity to VaNhaB was also reported for the NhaB-like antiporter from Pseudomonas aeruginosa (PaNhaB); the significant decrease of the activity was observed at a pH below 7.0 when measured in the presence of 0.5 mM NaCl (Kuroda et al., 2004) . These observations indicated that NhaB-like antiporters might be divided into at least two distinct types, namely 'pH-sensitive' ones, which exhibit significant decrease of the activity as the pH is lowered, and 'pH-insensitive' ones, which do not appear to be severely affected by the pH at low concentration of NaCl. However, pH responses of NhaB-like antiporters from other species are mostly unknown at present. In addition, we have previously shown that the antiport activity of VaNhaB could still be observed even at pH 6.5 when a higher concentration (100 mM) of NaCl was used, which indicated that the antiport activity of VaNhaB did not completely cease at this pH (Kiriyama et al., 2012) . This observation suggested the possibility that the mechanism of the pH-dependent regulation of VaNhaB might involve change in the affinity for Na + (Kiriyama et al., 2012); however, changes in the kinetic properties of VaNhaB at different pH values had not been investigated and still needed to be determined in order to come to this conclusion. Furthermore, it is currently uncertain whether NhaB-like antiporters share a common mechanism for their pHdependent regulation of activities.
In this study, we sought to investigate diversities and similarities among bacterial NhaB-like antiporters, with particular emphasis on their pH responsiveness. Our phylogenetic analysis, along with our investigation of pH responses of chosen NhaB-like antiporters from several different phylogenetic groups, indicated that NhaB-like antiporters could indeed be classified into three types by their degree of pH sensitivity, and that ones with very small pH responses, including EcNhaB, are only found in a limited proportion of relatively recently established species. Furthermore, our analysis of kinetic parameters at different pH values suggested that the dramatic pH sensitivities observed for several NhaB-like antiporters, including VaNhaB, might be mainly due to the significant increases of apparent K m under lower pH conditions.
METHODS
Phylogenetic analysis of NhaB-like antiporters. Amino acid sequences of NhaB-like antiporters were obtained from the National Center for Biotechnology Information (NCBI) microbial proteins database by BLAST searches (BLASTP) using VaNhaB (accession no. BAA12086) (Nakamura et al., 1996) and EcNhaB (accession no. YP_489453) (Pinner et al., 1992) as query sequences. After preliminary phylogenetic analysis (not shown), an additional BLAST search was performed with the NhaB-like antiporter sequence from Alcanivorax borkumensis SK2 (accession no. YP_692946), which exhibited the most distant relationship to the above two antiporters. All obtained sequences were combined, and sequences that showed lower total scores (,400) were excluded from further analysis, since those sequences only exhibited very low or partial similarity to NhaB-like antiporters. In addition, incomplete sequences (,450 aa) and sequences that originated from uncultured samples were also eliminated from further analysis. Multiple alignments of the remaining sequences (467 sequences), along with other IT superfamily members (see below) (Saier & Paulsen, 2000; Prakash et al., 2003) , were performed with the Clustal_X program (Larkin et al., 2007) using default parameters. Amino acid sequences of IT superfamily members used as outgroups were as follows: E. coli DcuA (Dcu family, AAC77098), E. coli IdnT (GntP family, AAC77222), E. coli LctP (LctP family, AAC76627), E. coli AbgT (AbgT family, AAC74418), E. coli ArsB (ArsB family, AAC76527), E. coli DcuC (DcuC family, AAC73722), E. coli YiaN (TRAP-T family, BAE77715), E. coli TtdT (DASS family, AAC76099), Vibrio parahaemolyticus NhaD (NhaD family, O66163), Bacillus pseudofirmus OF4 NhaC (NhaC family, P27611) and Bacillus subtilis CitM (CitMHS family, NP388642). The phylogenetic tree was generated by Clustal X using the neighbourjoining method (Saitou & Nei, 1987) with default parameters and visualized with Archaeopteryx software (Han & Zmasek, 2009) . Note that gaps were not excluded from the analysis, and bootstrap resampling analyses of 1000 replicates were performed in order to estimate the confidences of tree topologies.
Bacterial strains and cultivation media. Alcanivorax sp. NBRC101094 was grown in medium 868 containing 0.75 % Bacto Marine broth 2216 (Difco), 0.5 % sodium pyruvate and 2.8 % Daigo's artificial sea water (Nihon Seiyaku) at 25 uC. Aeromonas salmonicida subsp. salmonicida NBRC12659 was grown in medium 325 containing 1 % polypeptone, 0.2 % yeast extract, 0.05 % MgSO 4 and 2.7 % Daigo's artificial sea water at 20 uC. Shewanella benthica JCM10173 was grown in Marine broth (3.47 % Bacto Marine broth 2216) at 4 uC. Yersinia bercovieri NBRC105717 was grown in medium 954 containing 1.3 % nutrient broth (Oxoid) at 30 uC. Escherichia fergusonii NBRC102419 and Salmonella enterica subsp. enterica serovar Typhimurium NBRC12529 were grown in medium 702 containing 1 % polypeptone, 0.2 % yeast extract and 0.1 % MgSO 4 at 30 uC. E. coli strain DH5a was used for routine cloning and grown in LB medium (1.0 % Bacto tryptone, 0.5 % yeast extract and 0.5 % NaCl) at 37 uC. E. coli strain TO114 (nhaA : : Km r nhaB : : Em r chaA : : Cm r ) (Ohyama et al., 1994) was used for activity measurements and grown in LBK medium (1.0 % Bacto tryptone, 0.5 % yeast extract and 100 mM KCl) at 37 uC. The following antibiotics were added to the medium when required: ampicillin (100 mg ml 21 ), kanamycin (50 mg ml 21 ), erythromycin (160 mg ml
21
) and chloramphenicol (25 mg ml
).
Cloning of nhaB-like genes. The EcnhaB and VanhaB genes were amplified by PCR from pHGB2 (Nakamura et al., 2001) and pTN1 (Nakamura et al., 1996) , respectively, using KOD Plus (Toyobo). Alcanivorax sp. NBRC101094, A. salmonicida, S. benthica, Y. bercovieri, E. fergusonii and S. enterica subsp. enterica serovar Typhimurium genomic DNAs were purified using the QIAamp DNA mini kit (Qiagen). nhaB-like genes from the above species (AspnhaB, AsnhaB, SbnhaB, YbnhaB, EfnhaB and SenhaB, respectively) were amplified by PCR and cloned into either the pGEM-T Easy vector (Promega) or pSMARTGC LK vector (Lucigen) using the pGEM-T Easy vector system or pSMART GC cloning and amplification kit, respectively. Primers used for PCR are listed in Table S1 , available in Microbiology Online. After the DNA sequences had been confirmed (Macrogen), each nhaB-like gene was inserted into SalI and XmaI sites of the pHG165 expression vector (Messing & Vieira, 1982) and introduced into the TO114 strain. For 26haemagglutinin (26HA) epitope tagging of NhaB-like antiporters, each nhaB gene, except SbnhaB, was cloned into the XmaI and XhoI sites of pHG165-2HA, which contains an oligonucleotide linker that encodes a 26HA epitope tag between the BamHI and PstI sites of pHG165 (Kiriyama et al., 2012) . For 26HA tagging of SbNhaB, the SbnhaB gene, which contains an internal XhoI site, was amplified by PCR using the SbnhaB forward and the SbnhaB reverse2 primers (see Table S1 ), subcloned into pGEM-T Easy, and then introduced into the XmaI and SalI sites of pHG165-2HA. Note that cloned DNA sequences of AsnhaB, YbnhaB, EfnhaB and SenhaB in this study were, respectively, identical to nhaB-like genes found in genome sequences of A. salmonicida A449 (accession no. NC_009348), Y. bercovieri ATCC43970 (NZ_AALC02000001), E. fergusonii ATCC35469 (NC_011740) and S. enterica subsp. enterica serovar Typhimurium strain LT2 (NC_003197) that had been deposited on the NCBI database. Also note that the cloned AspnhaB gene sequence was identical to the one from A. borkumensis SK2 (YP_692946). The DNA sequence of SbnhaB cloned in this study was slightly different from the other available nhaB-like sequences of S. benthica and therefore was deposited in the DDBJ database under accession no. AB813181.
Preparation of everted membrane vesicles from E. coli. Everted membrane vesicles were prepared using a French press as previously described (Kiriyama et al., 2012) . In brief, 2 ml overnight cultures of TO114 strains were inoculated into 200 ml fresh LBK medium and grown to OD 600 0.5-0.7. The following procedures were performed at 4 uC. E. coli cells were harvested by centrifugation at 10 000 g for 5 min and washed once with 10 ml TCDS buffer (10 mM Tris/HCl, 140 mM choline chloride, 250 mM sucrose and 0.5 mM DTT). Subsequently, cells were resuspended in 10 ml TCDS buffer containing complete mini EDTA-free protease inhibitor cocktail (Roche) and passed twice through a French pressure cell (4000 p.s.i., 27.6 MPa) (Thermo). Unbroken cells and cell debris were removed by centrifugation (10 000 g for 10 min), and the supernatant was subjected to ultracentrifugation (100 000 g for 1 h). Pellets were resuspended in 600 ml TCDS buffer containing protease inhibitors and stored at 280 uC until they were used. The protein concentration was measured with the BCA protein assay kit (Pierce) using BSA as a standard.
Measurement of Na
+ /H + antiport activity with the acridine orange quenching assay. Na + /H + antiport activities were measured with the acridine orange quenching assay as previously described (Kiriyama et al., 2012) . Membrane vesicles (corresponding to 100 mg protein) were suspended in 2 ml assay buffer containing 10 mM Tris/HCl (pH 6.5-9.0), 5 mM MgCl 2 , 140 mM choline chloride and 1.5 mM acridine orange, then 2 mM Tris-D,L-lactate (pH 9.0) was added to initiate respiration. Na + /H + antiport activities were measured by monitoring fluorescence recovery following the subsequent addition of various concentrations of NaCl. After the fluorescence recovery had reached saturation, 2.5 mM ammonium chloride was added to dissipate the remaining pH gradient for the calculation of the total quenching value. Time-dependent DpH changes were monitored by measuring the quenching of acridine orange fluorescence using a Shimadzu-5300PC instrument (Shimadzu) with the excitation wavelength set at 492±1.5 nm and the emission wavelength set at 525±3.0 nm. Antiport activities were expressed as percentage fluorescence recovery of the total quenching values, as suggested by Swartz et al. (2007) (Kiriyama et al., 2012) .
Immunodetection of 2¾HA-tagged antiporters. Membrane vesicles (corresponding to 10 mg protein) were subjected to SDS-PAGE (12.5 % acrylamide) followed by Western blot analysis. Anti-HA epitope mAb 16B12 (Covance) and the anti-mouse IgG antibodyhorseradish peroxidase conjugate (Molecular Probes) were used at dilutions of 1 : 2000 and 1 : 40 000, respectively.
RESULTS AND DISCUSSION
Phylogenetic relationship of NhaB-like antiporters in the domain Bacteria A BLASTP search through the NCBI database using VaNhaB, EcNhaB and AspNhaB as query sequences identified 467
Diversity of pH responsiveness in NhaB-like antiporters NhaB-like proteins in 205 annotated bacterial species. Most of these proteins (443 sequences from 51 genera, 190 annotated species) were found in gammaproteobacterial species, except for 24 proteins from another 15 species including 6 species from Desulfovibrionales, 4 species from Clostridales, 3 species from Flavobacteriales, 2 species from Deferribacterales and 1 from Cytophagales (Table S2) . Most of the bacterial species seemed to possess only one copy of the nhaB-like gene, with a few exceptions in several species including ones from the genera Desulfovibrio and Desulfosporosinus that harbour two or three copies in a single genome (Table S2) . Multiple alignment analysis revealed that the mean±SD identity for all 467 sequences was 65.1±10.3 %, with minimum identity being 41.3 %. In addition, the mean identity to transporters belonging to the 11 other independent IT superfamilies (i.e. Dcu, GntP, LctP, AgbT, ArsB, DcuC, TRAP-T, DASS, NhaD, NhaC and CitMHS families, see Methods for details) that had been proposed to share the same evolutionary origin with NhaB family transporters (Prakash et al., 2003; Saier, 2000) was 11.5±1.0 %, suggesting that all 467 sequences belong to the NhaB family rather than to other families that make up the IT superfamily. We constructed a phylogenetic tree with all 467 proteins by using the neighbour-joining method (Saitou & Nei, 1987) with full-length NhaB-like protein sequences, along with the 11 independent IT superfamily transporters described above as outgroups (Fig. 1) . Our tree indicated evolutionary partitioning of NhaB-like antiporters into six types: a non-gammaproteobacterial type as an ancestor, with sequential branching to five major clusters down to the enterobacterial type. In addition, each cluster seemed to be further divided into subclusters that are almost exclusively composed of the NhaB-like proteins from a single taxonomic order (Fig. 1, Table S2 ). NhaB-like proteins from Altermonadales bacteria split into two distinct clusters; one close to the subcluster composed mainly of NhaB-like proteins from Oceanospirillales, and the other adjacent to the subcluster of Aeromonadales NhaB-like antiporters. Notably, the phylogenetic topology of our tree, including the occurrence of Altermonadales species in the separated branches, was in good agreement with that of the phylogenetic tree of the class Gammaproteobacteria, which was based on a multiprotein approach that was recently proposed (Williams et al., 2010) . These results indicated that the NhaB-like proteins probably emerged in nongammaproteobacterial species, then spread widely among gammaproteobacterial species down to the recently established enterobacterial species while accumulating mutations during the course of evolution, possibly without horizontal gene transfer.
Diversity of pH profiles among NhaB-like antiporters at lower concentrations of NaCl
In order to explore how the evolutionary partitioning shown above related to the pH responsiveness of NhaB-like antiporters, we next investigated the pH responses of various NhaBlike antiporters that were chosen from distinct phylogenetic clusters. On the basis of the phylogenetic tree shown in Fig. 1 , one or more NhaB-like antiporters were chosen from subclusters composed of Oceanospirillales (AspNhaB from Alcanivorax sp. NBRC101094), Aeromonadales (AsNhaB from A. salmonicida), Alteromonadales (SbNhaB from S. benthica) and Enterobacteriales (YbNhaB from Y. bercovieri, EfNhaB from E. fergusonii and SeNhaB from S. enterica subsp. enterica serovar Typhimurium). The pH responses of their Na + /H + antiport activities at 2.5 mM NaCl along with the ones of VaNhaB and EcNhaB that were previously reported (Kiriyama et al., 2012) were compared (Fig. 2) . Among those, three antiporters, namely AspNhaB, AsNhaB and SbNhaB, exhibited pH responses similar to VaNhaB; their antiport activities were significantly decreased at around pH 8.0-7.5 and almost completely disappeared at a pH lower than 7.0, demonstrating that these NhaB-like antiporters are highly sensitive to lower pH under this condition (Fig. 2a) . In contrast, the activities of SeNhaB and EfNhaB were not significantly altered but showed only marginal decrease when the buffer pH was lowered (Fig. 2b) , which implies that these antiporters are similar to EcNhaB, which is virtually pH insensitive under this condition (Kiriyama et al., 2012) . Interestingly, the YbNhaB from Y. bercovieri, which also belongs to Enterobacteriales, exhibited a pH profile that seemed to be intermediate between the pHsensitive and -insensitive NhaB-like antiporters described above, as the activity of YbNhaB significantly decreased (to approximately 60 % of maximum) but did not disappear at pH 6.5 (Fig. 2b) . These results suggested that the ability to maintain a certain degree of activity at pH 8.5-6.5 might be a trait that is only shared within NhaB-like antiporters in a portion of the enterobacterial species, which might imply that the 'primitive' NhaB-like antiporters had been of the pH-sensitive type, and the 'pH insensitiveness' at this pH range was a relatively recently acquired characteristic among NhaB-like antiporters (Figs 1 and 2a, b) .
We next attempted to compare the amounts of NhaB-like antiporter proteins in membrane vesicles by Western blot analysis. Since there were no available antibodies that can simultaneously detect all NhaB-like proteins investigated here, we introduced the 26HA epitope into the C terminus of each NhaB-like protein on the same construct used above in order to estimate the amount of each NhaB-like protein in membrane vesicles. Western blot analysis with an anti-HA antibody revealed that all 26HA-tagged NhaB-like proteins were localized to membrane preparations from each of the E. coli strains, although their amounts varied despite the use of the same expression system (Fig. 2c , also see Methods). It should be emphasized that the variations in expression levels were unlikely to be the source of the differences between pHsensitive and -insensitive activity profiles. This is because losses of antiport activities under lower pH were only observed in the proteins with higher expression and were not observed in the ones with lower expression (Fig. 2) . Note that similar observations have been reported when VaNhaB and EcNhaB were expressed with the same expression system used here (Kiriyama et al., 2012) .
Activities of NhaB-like antiporters at a high concentration of NaCl
The above results indicated that the activities of AspNhaB, AsNhaB and SbNhaB exhibited pH sensitivity similar to VaNhaB with a low concentration of NaCl. It has been shown that such a decrease of activity could be caused by either the increase of apparent K m for Na + or the decrease of apparent V max of the antiporter at a certain pH, which could be distinguished by comparing antiport activities measured with a high and a low concentration of Na + as proposed by Galili et al. (2002 Galili et al. ( , 2004 . Therefore, we next investigated the pH profiles of the antiport activities of NhaB-like antiporters using 100 mM NaCl, a concentration that is supposed to saturate VaNhaB (data not shown), in order to estimate if either of the kinetic properties was altered in these antiporters upon shift of the buffer pH. We have previously shown that the antiport activity of VaNhaB at pH below 7.5 was significantly larger with 100 mM NaCl than that with 2.5 mM NaCl (Kiriyama et al., 2012; Fig. 3a) . Here, similar increases in the activities were observed for AsNhaB and AspNhaB (Fig. 3a) under the same conditions. The activity of SbNhaB also significantly increased with 100 mM NaCl at pH 7.5-8.0 as compared with 2.5 mM NaCl, and slightly increased even at pH 7.0, where the antiport activity was almost undetectable with 2.5 mM NaCl (Fig. 3a) . These results suggested that the significant decrease of activity observed for these antiporters with 2.5 mM NaCl at around pH 7.0-8.5 was, as had been previously discussed for VaNhaB (Kiriyama et al., 2012) , unlikely to be due to the loss of capability to achieve Na + /H + antiport, but probably due to the decreased affinity for Na + at this pH range. Additionally, pH-dependent modifications of the activities were still observed for these antiporters at 100 mM NaCl, although their extent and pH response patterns varied in each antiporter (Fig. 3a) . While antiport activities of VaNhaB and AspNhaB decreased to about 10 % between pH 7.0 and 6.5 and 20 % between pH 7.5 and 6.5, respectively, the antiport activity of AsNhaB decreased to about Table S2 .
Diversity of pH responsiveness in NhaB-like antiporters half of its maximum at pH 6.5. Furthermore, the activity of SbNhaB steeply decreased between pH 8.0 and 7.0, and almost disappeared at pH 6.5 (Fig. 3a) . It should be noted that the activity of SbNhaB was almost undetectable at pH 6.5 even with up to 400 mM NaCl, suggesting that SbNhaB activity almost completely disappears at pH 6.5 (data not shown). However, pH profiles of SeNhaB, EfNhaB and EcNhaB activities with 100 mM NaCl were not significantly different from those with 2.5 mM NaCl, although increases of activities were observed at lower pH values (Fig. 3b) . In addition, the activity of YbNhaB with 100 mM NaCl seemed to exceed the upper detection limit of our method (100 %) at all pH values tested; however, the activity at pH 6.5 was significantly higher than that measured with 2.5 mM NaCl (Fig. 3b) .
Kinetic parameter analysis of NhaB-like antiporters under different pH conditions
In order to further characterize pH-dependent alterations in properties of NhaB-like antiporters, kinetic parameters at pH 8.5 and 7.0 were calculated on the basis of antiport activities with various concentration of NaCl. Na + /H + antiport activities of all eight NhaB-like antiporters showed Michaelis-Menten saturation kinetics (data not shown).
Notably, all NhaB-like antiporters showed higher apparent K m for Na + at pH 7.0 than at pH 8.5 (Table 1 ). Although differences in the estimated amount of NhaB-like antiporters in the membrane vesicle (Fig. 2c) vesicles harbouring NhaB-like antiporters was measured using the acridine orange quenching method at pH 6.5-9.0 as described in Methods. Means of at least three replicates are shown, and SDs are indicated as error bars. (c) Western blot analysis. Membrane vesicles (10 mg protein) from the strains expressing the 2¾HA-tagged NhaB-like antiporters were subjected to SDS-PAGE (12.5 % acrylamide) and probed with the anti-HA antibody as described in Methods. The membrane vesicles expressing native VaNhaB were used as negative control (NC). Note that the lower panel practically corresponds to the longer exposure of the blot using the same sample set as the upper panel with the exception of AsNhaB and AspNhaB, which were omitted. A representative blot of several independent experiments is shown. the ratio of K m values observed at pH 7.0 to those at pH 8.5 would alleviate this limitation. Remarkably, significant differences in K m (7.0)/K m (8.5) ratios were observed between pH-sensitive and -insensitive NhaB-like antiporters (Fig. 2, Table 1 ). The increases of apparent K m values for Na + of VaNhaB, AsNhaB, SbNhaB and AspNhaB, all of which exhibited significant decrease of activity at lower pH (Fig. 2a) , were more than 50-fold when the pH was lowered from 8.5 to 7.0, while EcNhaB, SeNhaB and EfNhaB, which exhibited only a marginal decrease of activities between pH 8.5 to 7.0 (Fig. 2b) , showed 4-11-fold increases under the same condition (Table 1) . These results indicated the close correlation between the pH-dependent decrease of activities and the fold increase in apparent K m values, which strongly suggested the possibility that the magnitude of pH sensitivity of NhaB-like antiporters is defined by the degree of change in Na + affinity concomitant with pH shift. However, although apparent V max values for some of the NhaB-like antiporters were unable to be determined because they exceeded the upper detection limit of our assay (100 %), apparent V max values for the rest of the NhaB-like antiporters revealed that there were no significant differences in apparent V max values between pH 8.5 and 7.0 for either pH-sensitive (SbNhaB) or -insensitive (EcNhaB, SeNhaB and EfNhaB) NhaB-like antiporters (Table 1) . Taken together, these results clearly demonstrated that the change in the apparent K m but not V max is the determinant factor for the pH-responsive regulation of, at least, SbNhaB activity. Furthermore, given that significant increases in apparent K m values (Table 1) and decreases of activities at lower pH were also observed for VaNhaB, AsNhaB and AspNhaB (Figs 2a and 3a) , our results might suggest the possibility that the modification of Na + affinity is a major factor for the regulation of the activities of these antiporters under lower pH condition as well, although further empirical studies would be needed for clarification.
In addition, the K m (7.0)/K m (8.5) ratio for YbNhaB (11.88), which did not show a significant reduction of its activity at pH 7.0 when measured with 2.5 mM NaCl, was almost identical to that for SeNhaB (11.69), and closer to values observed for other NhaB-like antiporters that did not exhibit pH-sensitive profiles at 2.5 mM NaCl than to those for the ones that did (Table 1, Fig. 2b) . We also performed kinetic property analyses of YbNhaB and SeNhaB at pH 6.5, where a significant decrease of activity was observed for YbNhaB but not for SeNhaB (Fig. 2) . Calculated apparent K m values for YbNhaB and SeNhaB at pH 6.5 were 2.33 mM and 1.52 mM, respectively, and the comparison of ratios of apparent K m at pH 6.5 and 8.5 indicated that YbNhaB exhibits a slightly more pronounced increase of apparent K m as compared with SeNhaB [K m (6.5)/K m (8.5)528.76 for YbNhaB and 18.76 for SeNhaB, respectively]. Collectively, these results indicated that the pH response of YbNhaB might be intermediate between those of pH-sensitive andinsensitive NhaB-like antiporters, which further suggested a possibility that YbNhaB could be an evolutionary intermediate of these NhaB-like antiporters. However, the pH profile of YbNhaB at 2.5 mM NaCl could also be explained by the acidic shift of the set-point pH (Kiriyama et al., 2012; Galili et al., 2004) , where the significant decrease of the activity occurs, relative to other pH-sensitive NhaB-like antiporters, without affecting the ability to modulate activity in a pH-dependent manner. If this was the case, these observations might imply the other possibility that the apparent loss of pH responses observed in a proportion of enterobacterial NhaB-like antiporters might be a consequence of the shift of the set-point pH to much lower values than those of YbNhaB and other pH-sensitive NhaBlike antiporters. Unfortunately, we were unable to further investigate the property of YbNhaB at this point due to technical limitations and therefore could not validate either of the possibilities. More detailed investigations, including development of other assay methods that can properly assess antiport activities at pH ,6.5 and explorations of other enterobacterial NhaB-like antiporters that share relatively high similarity to YbNhaB (e.g. ones within or close to branch D in Fig. 1 ), might provide further insight into the evolutionary consequences of pH responsiveness among NhaB-like antiporters.
Assuming that the pH response of NhaB-like antiporters had diverged by the gradual accumulation of mutations during the course of evolution, there are several possible explanations regarding how a proportion of enterobacterial NhaB-like antiporters lost their pH sensitivities. One of the possibilities is that the amino acid residues that are critically involved in pH sensitivity had simply been lost or substituted in the course of the molecular evolution of NhaB-like antiporters. If this was the case, such critical residues should be conserved among the pH-sensitive NhaB-like antiporters but should not be present in the ones that had lost pH sensitivity. Another possible explanation is that the loss of pH sensitivity might have been caused by the acquisition of common mutations that hinder the pHdependent regulation of the antiport activity, probably via the disturbance of necessary structural modifications. In this case, residues that were conserved only in pHinsensitive NhaB-like antiporters and not in pH-sensitive Diversity of pH responsiveness in NhaB-like antiporters ones would be candidates for such mutations. In addition, a combination of both types of mutations could also have simultaneously occurred on NhaB-like antiporters through their molecular evolutionary process. By comparing the amino acid sequences of the pH-sensitive and -insensitive NhaB-like antiporters investigated in this study, we found 23 amino acid residues that meet the criteria of the first case, and 47 amino acid residues that meet the criteria of the second case (not shown). In a previous study, using domain-swapping analysis, we demonstrated that a cytoplasmic stretch of amino acid residues (E373-D434 region, corresponding to loop8-TM8-loop9) was critically involved in the pH sensitivity of VaNhaB, and indicated the presence of other unidentified regions or residues that spread across the primary amino acid sequence of VaNhaB, which probably functioned in concert with other parts, including the E373-D434 region (Kiriyama et al., 2012) . Among the 23 or 47 residues described above, 8 or 9 residues, respectively, are localized in the region corresponding to E373-D434 of VaNhaB (Kiriyama et al., 2012) , indicating that some of those 8 and/or 9 residues are critical for the proper function of this region (Fig. 4) . Other 'unidentified' residues are likely to be present in the rest of the 15 or 39 residues conserved in either pH-sensitive or -insensitive NhaB-like antiporters, respectively. However, it should be noted that our preliminary investigations indicated that introduction of single point mutations into the above residues within the E373-D434 region did not result in the loss of pH sensitivities of VaNhaB (data not shown). Furthermore, our previous domain-swapping analysis suggested that the 'unidentified' residues described above are likely to function complementarily to each other even if some of the key residues are lost, and are unlikely to be localized within the particular portion(s) of the primary structure of NhaB-like antiporters (Kiriyama et al., 2012) . The complex relationships of the multiple residues render the identification of key residues by the use of the mutagenesis approach difficult at present. Nonetheless, further characterizations of other pHsensitive or -insensitive NhaB-like antiporters, particularly ones with high sequence similarities but exhibiting different pH responses, would provide helpful clues for the identification of multiple key residues in the pH-dependent regulatory mechanisms of NhaB-like antiporters, and such investigations are currently in progress.
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